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ABSTRACT

The Clementine mission to the Moon in 1994 provided the first multispectral
observations of the |unar opposition surge below a few degrees. The bright ness
of the. Moon increases nore than 40% between sol ar phase angles of 4° and C.
The opposition effect exhibits a small wavel ength dependence: the surge is ‘3-4%
larger at 0.41 gm than at 1.00 um. ‘1’his result suggests that the principal cause
of the lunar opposition surge is shadow hiding rather than coherent backscatter.
The anplitude of the effect depends significantly on terrain: the surge is about
10% greater in the lunar highlands. We attribute this difference to textural
variations between the two terrains. The Clementine measurements provide a new
basis for deriving spectral geonetric albedos, phase integrals, and Bond albedos.
W find a value of 0.11 i 0.01 for the lunar bolometric Bond albedo. This value
is at the low end of the historical published values, but not as |low as the
recent result of 0.080 : 0.002 derived by Helfenstein et al. (lcarus, 1996, in
press)




IT. | NTRODUCTI ON

The Moon exhibits a non-linear surge in brightness as its face becones
fully illumnated to an observer. ‘1" he canonical explanation for this
“opposition surge” is a shadow hiding nechanism in which nutual shadows cast by
particles in the upper regolith are hidden at opposition but becone rapidly
vi si ble as the phase angle increases (lrvine, 1966; Hapke, 1986). Because the
character of the opposition effect is a sensitive indication of the surficial
conpaction state and particle size (Hapke, 1986) - and thus of |unar
geophysi cal processes - observations at snmall solar phase angles are inportant
to obtain. Recent observations have shown that many sol ar system bodi es exhibit,
in addition to an opposition effect that is typically seen at solar phase angl es
l ess than ‘6°, extrenely narrow and | arge surges in brightness bel ow one degree
(Buratti et al., 1992; Thonpson and Lockwood, 1992). St andard shadow hi di ng
nodel s require extrenely (and probably unreasonably) porous surfaces to explain
these narrow opposition surges (see Domingue and Hapke, 1991). Problems of this
sort have led to the suggestion that a second nechani sm coherent backscatter,
may be responsi ble for the observed surge (Hapke, 1990; M shchenko, 1992). I'n
this mechanism photons followi ng identical but reversed paths in a surface
interfere constructively in exactly the backscattering direction |leading to up
to a factor of two increase in brightness. A narrow y peaked opposition surge
was observed on lunar sanples neasured in the |ab, although these neasurenents
did not extend to phase angles |ess than one degree (Hapke et al. , 1993).

The Moon’s finite angular size as seen from Earth precludes groundbased
observations of its solar phase curve below ~0.5 degree: at this point a
| unar eclipse occurs, Previ ous Apollo photographic observations of the Moon
suggested that the Moon has a huge opposition spike below 0.75° (Pohn et al.
1969; Wildey, 1978). The Clementine m ssion enabled the first electronic,
multispectral observations of the Mon at very snall sol ar phase angles
Several hundred inmages of the opposition surge of the Moon under one degree were
obtai ned by the spacecraft. This data set is by far the nost extensive for any
celestial object at small solar phase angles, and they offer an unprecedented
opportunity to study the opposition effect on a planetary surface. The data are
of course disk resolved, and extend over the wavelength range of 0.41 ymto 1 .0
gym for the UV/Visible canmera and 1.0 gm to 2.8 um for the Near IR canera.
Another inportant feature of the Clementine observations is that a change of
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several degrees in solar phase angle appears on one image; it is thus possible
to create a highly accurate phase curve in those last few degrees. The typica

scatter that appears in published phase curves at small phase angles is about 0.5

astronom cal magnitudes (Helfenstein et al. , 1996); the Clementine data exhibits
scatter of ‘1-5% (the variations are primarily due to albedo changes rather than
error) . ‘l1’he multispectral observations offer a critical test of the mechanism

responsi bl e for the |unar opposition surge: the shadow ng nmechani sm shoul d be
nore pronounced at wavel engths for which the albedo is |ower (since shadows are
not partly illumnated), while coherent backscatter should show the opposite

rel ationship, because it is a nultiple scattering phenonenon.

For a description of the Clementine spacecraft and its instruments, and an

overview of the scientific results , see Nozette et al. (1994)
111. OBSERVATI ONS AND DATA ANALYSI S

The Clementine images at small solar phase angles were obtained near the
mi ddl e of the mission and near the lunar equator. W have chosen to anal yze the
data fromthe UV/Vis canera for the followi ng reasons: the calibration factors
are better understood than those for the NIR, the HiRes or LWR caneras; it is
easier to conpare our results with ground-based observations of the Mion and
other bodies; and the conplicating factor of thermal enmission is minimzed. The
Uv/Vis is al so best suited for studying the effect of albedo on the opposition
surge , because the albedo of the Mon changes nost significantly between 0.4 and

0.8 ym. Table 1 summarizes the images used in our study

In each of the images obtained at small solar phase angles, a small (°0.50
degree wi de) bright spot appears at the point of zero degrees. ‘|’ his spot is not
instrumental , and it is also seen on NIR inmages (a search of HiRes images has not
yet been nmmde). Figure 1 shows typical inmages (orbits 149 and 167) while Figure
2 presents a scan extracted from zero degrees to the edge of one of the inmges.
Yor conparison, we show solar phase curves for other bodies that exhibit
opposition surges at small solar phase angles. The surge seen by Clementine is
qualitatively sinmilar to that reported by Pohn et al. (1969) and Wildey (1978)
on Apoll o photographs, although our neasurenents show that the effect is sonewhat
greater than that derived from the photographs (43% :2% in the visual region of
the spectrum between 4° and 0°, as opposed to 37% reported by Pohn et al. (1969))
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Two inportant factors to investigate for the lunar opposition surge are the
dependence of the effect on 1) wavelength, and 2) terrain type. Wavel engt h
dependence is a clear indication of the mechani smresponsible for the effect,
while terrain dependence indicates differences in surface textural properties
bet ween the lunar highlands and maria. Scans of t-he opposition surge in the five
primary filters of the UV/Vis were extracted fromimages in orbits 150, 151, 154,
155, 165, 166, 167, 168, and 169. The data fromthese inages were extracted wth
the followi ng procedure. First, the scattering angles (incidence, emission, and
sol ar phase angles) at the center of each 2 X 2 block of pixels were cal cul ated
with procedures provided by the JPL Navigation Section's SPICE |ibrary. “I"he
reflectance from each group of 4 pixels was then averaged (the averaging
procedure was required to save disk space). The data for each i mage were then
bi nned in 0.02° increnents of phase angle, and the resulting averaged data were
normal i zed such that the average reflectance in the lowest bin (O - 0.02°) is
1.0. The data for imges in each filter were then added together. The resulting
averaged |unar opposition surges at 0.41 um, 0.75 um, and 1.0 gm, representing
the full range in wavelength for the UV/Vis canera, are shown in Figure 3

To quantify the dependence of the surge on wavelength, a line was fit to the
phase curves between 0° and 4° (Brightness = A -t Ba; see Table 2), The fornma
values show that the anplitude of the surge is inversely correlated wth
wavel ength, although by a snall ampunt. At a phase angle of 4°, this effect is
nost clearly seen: the reflectance is 0.690 for the A filter (0.41 gm), 0.703 for
filter B (0.75 um), 0.715 for filter C (0,90 gm), 0.720 for filter D (0.95 gm),
and 0.715 for filter E (1.00 um) (Table 3). This effect of “phase reddening” has
been descri bed previously for the Mon and other bodies (e.g. , Lane and Irvine
1973) at larger phase angles. Because of the increase in the Mon's albedo with
wavel ength from visible to near-IR wavel engths, the shadow hi ding nechani sm
predicts that the opposition surge is inversely correlated with wavel ength to
produce a reddening of the lunar albedo as the phase angle increases (lrvine,
1966, Helfenstein et al., 1996). Early measurements (Mikhail, 1970) confirm the
predi ction. ‘1’ he observations by Gehrels et al. (1964) over 11 lunar regions at
the very smallest phase angles (2° - 0.8° degrees) show no clear trend.
Goniometric nmeasurenments on an Apollo 11 sanple from Tranquility base show an
inverse phase reddening (O Leary and Briggs, 1970) under 5°. In the nost
conprehensive prior study of the wavel ength dependence of the opposition surge,
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Helfenstein et al. (1996) conclude that the strength of the surge decreases with
increasing albedo. However, their color data include no observations bel ow 5°.
Qur neasurements are the first to suggest phase reddening of the opposition surge
for the Mon as a whole for small phase angles (< 50)

A correlation between lunar terrain type and the character of the opposition
surge was reported by Wildey and Pohn (1969), who show that the surge near the
Tranquility base is only 7% between phase angles of 1.5° and 0°, while the surge
for the Moon as a whole from Apol | o photogrammetry is 19% over the sanme range,
Gehrels et al. (1964) neasured opposition surges on 13 separate regions (the
m ni nrum phase angle ranged from 0.8 to 1.0 degree). Although the anplitude and
width of the effect varies fromregion to region, no clear trend with terrain
type, albedo, etc. is evident. 10 derive a possible correlation between the
| unar opposition surge and the two major terrain types (highlands and nmaria), we
constructed conposite curves representing these areas. Images obtained at zero
degrees phase angle in orbit 167 are located in the highland regions near 5
degree-s E. longitude, while orbit 152 contains images of the opposition surge in
Mare Tranguilitatis (both regions are near the equator, where all the opposition
i mges are | ocated). Figure 4 shows the two conposite curves and a ratio of the
highland to maria regions (because nost images have a mixture of the two terrain
types , we were able to construct well-averaged curves for a = 1.2° only).
Clearly, there is a trend, with the anplitude of the surge about 10% greater for
the highl ands. ‘1"his trend is in the. sane direction as that reported by Wildey
and Pohn (1969), although our measurenents do not show as significant an effect;
our data reveal a surge of 16% between 1 ,2° and 0° for Mare Tranquilitatis,
conpared with Wildey and Pohn’'s (1969) neasurenent of only 7% between 0° and
1.5°,

The Clementine spacecraft’s observations of the |unar opposition effect
enable an accurate nmeasurement of the Moon's geonetric albedo (p) , phase integral
(q), and Bond albedo (A,). By definition, the geonetric albedo can only be known
from observations at opposition. In their extensive study of the integra
geonetric albedo of the Mbon, Lane and Irvine (1973) point out that the val ues
they derived based on a linear extrapolation of the lunar phase curve were
underestimated by a factor of 44%to 100% Sinmilarly, Helfenstein et al. (1996)
obtain an estimate of the normal reflectance (which is very nearly equal to the
geonetric albedo in the case of the Moon) that is 50% uncertain (Figure 1lc¢) .
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Their values for p and q (Figure 7) are based on a fit to a Hapke-type nodel.

A conposite lunar phase curve for three colors is illustrated in Figure 5;
the data between 0° and 4° are from the Clementine UV/Vis camera while the
remai ning data are from Lane and Irvine (1973); the data for each color are
nornalized at 4°. Table 4 lists the corresponding geonetric albedos in the
Clementine filters; these geonetric albedos are based on those obtained by Lane
and Irvine (1973), but with Clementine's measured opposition surge. When the
Clementine caneras are fully calibrated, the value of the normal reflectance at
zero degrees will yield a direct neasurenment of the geonetric albedo. Although
there were no Clementine filters corresponding to the astronomical visual filter
(0.55 gm) the interpolated value for the visual geonetric albedo is 0.16 : 0.0L1.
This value is higher than those of 0.14-0.15 obtained previously (Helfenstein and
Veverka, 1987; Lumme and Ilrvine, 1982).

The phase integral (Russell, 1916) was conputed with a 2-point Gaussian
quadrature (Chandrasekhar, 1960) for the three phase curves in Figure 5. The
resulting values, along with the Bond albedo (A, = p*q), are listed in Table 4
with previous values for conparison. At the visual wavel engths, the increase in
geonetric albedo is offset by a decrease in the phase integral, so that the new
val ues of the Bond albedo are not very different from Lane and Irvine (1973) ,
al though our values are higher than those of Helfenstein et al. (1996). In the
near-1R (1 .0 gm) our value for the lunar Bond albedo is significantly higher than

previous estimates.

The bolometric (or radiometric) Bond albedo, an inportant quantity for

understanding the thernmal properties of the Mon, is given by:

‘AB=f:Fo()L)pqudk/f:Fo(/\)d}\ (1)

where F (1) is the flux of the sun at wavelength 4. The values of q were
interpolated for the Cand D filters (see Table 3). For p and gq between 1.0 and
2.5 ym, we extrapolated fromour values with a wavel ength dependency derived from
Helfenstein et al. (1996), Using the values for the flux of the sun listed in
Allen (1976), we find a bolometric Bond albedo of 0.11 : 0.01, based on data
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between 0.41 um and 2.5 um. This value is at the low range of previously
publ i shed values of 0.11-0.136 (Lane and Irvine, 1973 and references cited
therein; Helfenstein and Veverka, 1987), but not as low as the value of 0.080
0,002 recently derived by Helfenstein et al. (1996). Qur value is lower than
nost previous val ues because we have fully included the opposition surge, but it
is still higher than Helfenstein et al. ‘s value because of our different spectra

dependencies for p and g (see Table 3) in the visible.

I1I. MODELI NG

The col or-dependent opposition curves provided by Clementine render the
first opportunity to critically test which mechanism is responsible for the
opposi tion surge. According to the shadow hiding nodel, the width of the
opposition surge depends primarily on the porosity of the surface and therefore
should be relatively independent of wavelength (in the case of bodies for which
multiple scattering is inportant, and which have increasing albedos wth
wavel engt h, the surge shoul d becone | ess significant with increasing wavel ength).
In contrast, the coherent backscatter nodel predicts a strong wavel ength
dependence to the opposition surge. These differences provide a diagnostic we
can use to help distinguish which nechanismis nost responsible for the observed
surge . Qur result that there is only a small color dependence to the lunar
opposition surge (Figure 3) suggests that coherent backscatter is not the
dom nant mechanism for the Muon's surge in brightness. Mreover, the dependence
is in the wong direction. Mishchenko (1992) suggests that the wavel ength
dependence of coherent backscatter mght disappear if there is a wde
distribution of particle sizes, but only for icy surfaces. For silicate
surfaces , the effect renmmins “substantially wavelength-dependent .

On the other hand, a standard shadow hiding nmodel vyields unreasonably high
val ues for the lunar porosity. Porosity values requiring '90% voi d space are
needed to fit the observations with such nodels (Seelipger, 1887; Irvine, 1966,
Hapke, 1986). Recently, however, we have devel oped a nodified shadow hiding
model (Hillier, 1996) that suggests shadow hiding may not require extremely
porous surfaces. The nodel is based on Hapke's (1986) shadow hidi ng nodel but
allows for 2-layer surfaces in which the particle properties (for exanple the
particle size) can vary between the |ayers. Figure 6 shows that the nodified

nmodel can provide a good fit to the lunar opposition surge data while requiring
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a |less porous (67% or perhaps even |less) surface than the standard shadow hi di ng
nodel if the particle size decreases towards the surface. Apollo core sanples
show the lunar surface to be relatively well mxed with grain size relatively
i ndependent of depth (though with a slight suggestion of decreasing particle size
towards the surface; MKay et al., 1977, 1991). However, the upper nillinmeter or
so (a significant fraction of the optically active surface) of the regolith is
expected to undergo intense micrometeoritic bonbardnment (Gault et al. , 1974).
While it is not entirely clear whether such bonmbardnent would | ead to smaller
particles, soil maturation nodels do suggest a decrease in particle size with
maturity (McKay et al. , 1991) and thus a lower particle size in the very upper
| ayers may not be unreasonable. The nodified shadow hiding nodel therefore
appears pronmising as an explanation for the observed opposition surges.

Anot her possibility is that individual particles sinply have sharply
peaked single particle phase functions. Qur own neasurenents of glass spheres
at small phase angles (down to ,QO1° show that they have large surges in
brightness (up to 40% in the last few degrees (Figure 7). Since the lunar fines
contain agglutinated spheres (MKay et al. , 1991), an intrinsic sharply peaked
phase function is a reasonable possibility.

IV. CONCLUSI ONS AND DI SCUSSI ON

The Clementine spacecraft provided the first multispectral observations of

the lunaropposition effect. Bet ween 4° and 0° the brightness of the Mon
i ncreases by about 40-45% The anplitude of the surge depends weakly on
wavel ength; the blue region of spectrum exhibits a ‘3-4% | arger effect. There

is a significant dependence of the opposition surge on lunar terrain type. On
average, the opposition surge in the lunar nmaria is about 10% | ess than that seen
in the highlands. If this difference is attributed to textural properties, it
nmeans the highlands are nore tenuous than the mari a. The textural difference
could be attributed to the |onger period of mcroneteoritic bonbardnent to which
t he hi ghl ands have been subjected,

1f coherent backscatter i s inportant on the Moon, the opposition surge woul d
be nmore pronounced in the Clementine E filter (1.0 um), where the degree of
mul tiple scattering should be the highest. This is definitely not the case. W
conclude on the basis of this observation that shadow hiding is the primry
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mechani sm for the surge. A new two-layer nodel of shadow hiding (Hillier, 1996)
yi el ds reasonabl e values for the lunar porosity (-70%, The fact that there is
only a small spectral dependence to the opposition surge neans that multiple
scattering is not inportant on the Moon. If it were, and shadow hiding were the
principal mechanism the red wavel engths should exhibit significantly smaller
surges , because the shadows would be partly illuninated by nmultiply scattered

phot ons. At every wavel ength, only prinmary shadows are created

Laboratory experinments on the photonetric effects of nultiple scattering do
i ndeed show that a photonetric nodel involving only singly scattered radiation
applies to surfaces with normal reflectance |less than 0.30 (Veverka et al.,
1978). For the Saturnian satellites, nultiple scattering is not inportant unless
the normal reflectance is greater than ‘0.60 (Buratti, 1984). The fact that
multiple scattering is uninportant on the Mon has been known for over 100 years
the solution to the equation of radiative transfer f-or single scattering froma
surface is the well-known Lommel-Seeliger photonetric function of the Moon.
Simlarly, near opposition the Mon is known to exhibit no |inb darkening, the
signature of nultiple scattering (Schoenberg, 19'25; Mnnaert, 1961) , 1t is thus
not surprising that coherent backscatter, a phenonenon that depends on nultiple
scattering, is not the principal mechanism for the |unar opposition surge

Al though our results suggest that shadow hiding (or possibly an
intrinsically peaked single scattering phase function) is primarily responsible
for the opposition surge seen on the Mon, it would be premature to say the
effect of coherent backscatter is entirely absent. Laboratory measurenents of
Apoll o sanples down to 1° show the polarization signature expected for coherent
backscatter (Hapke et al., 1993). Sinmilarly, there is still the possibility that
the terrain difference exhibited is due to higher reflectance (and thus nore
multiple scattering) in the lunar highlands, rather than textural properties.
The accepted explanation for phase reddening of the Mpon is the increased
i nportance of nultiple scattering as the wavel ength increases (shadows, which are
nore pronounced at |arger phase angles, are thus redder) . It is reasonable to
believe that nultiple scattering beconmes inportant at |arger phase angles: the
singly scattered portion of the radiation returned fromthe Mon is strongly
backscattering (Buratti, 1985, Helfenstein and Veverka, 1987), while one would
expect multiply scattered photons to be isotropic, or at |least nore isotropic.

As the phase angle increases, the fraction of the observed photons that are
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multiply scattered increases

The Clementine neasurenents of the opposition effect provide the first
accurate multispectral phase curve of the Mwon at snall phase angles. When
conmbi ned with ground based observations at higher phase angles, nobre accurate
val ues of fundanmental photonetric and radi ometric properties can be derived. The
surge nmeans that the spectral geonetric albedo of the Mowon is higher than
previously realized, while the wavel ength-dependent phase integral is lower. CQur

bolometric Bond albedo of 0.11 +0,01 is at the |low range of previous val ues, but
not as |low as the value of 0.080 +0.002 found by Helfenstein et al. (1996)
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Table 1 - Sunmary of Clementine UV/Vis i nages at opposition used in this study

O bit # of inages filters
150 10 A B C D E
151 10 "
152 10 "
153 16 "
154 10 "
155 5 "
165 10 "
166 10 "
167 10 "
168 10 n
169 10 u




Table 2 -

Fits of curves to A + Ba

Filter }‘eff Bandpass (FWHM) A B
(:0.01) (:0.002)
A 0.41 um 0.036 im 1.00 -0,078
B 0.75 um 0. 0093 um 1,00 -0.076
c 0.90 um 0. 0185 um 1.00 -0.075
D 0.95 um 0. 0287 um 1.00 -0.075
1,00 um 0. 0282 um 0.99 -0.072
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Table 3 - Wavel ength dependent geometric al bedos (pi), Bond albedos (A,), and

phase integrals (q,), with sone previous values for conparison

Filter 0°/40 Py} py2 p,’ q,’ q,° q,° Ayt Agy? Agy®
(:0.01) (20.005) (£0.005) (fool)
A 1.45 0.116 0.088 0.09 0.45 0.551 0.46 0.052 0.048 0.041
B 1.42 0.233 0.179 0.15 0.50 0.633 0.54 0.117 0.113 0.081
1.40 0.232 0.195 0.14 0.53 0.65 0.123 0.091
D 1.39 0.230 0.195 0.13 0.54 0.67 0.124 0. 087
E 1.40 0.260 0.202 0.13 0.55 0.676 0.70 0.143 0.136 0.091

1 Thi s study; q, for filters ¢ and D interpol ated.

*Lane and Irvine (1973); correspondences made as follows: A = 4155 A, B = 7297
k; E = 10635 4; corresponding values for p, in filters C and D interpolated from

0l

their Figure 7.
‘Helfenstein et al. (1996); p, and g, fromtheir Figure 7
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FI GURE CAPTI ONS

Figure 1. Inmages illustrating typical exanmples of opposition surges seen by the
Clementine spacecraft: (a) Image LUC11225, in orbit 167, near 1° N latitude and
4° E longitude, in the lunar highlands at. the east edge of Sinus Medii. (b)
Images LUC30017 (top) and LUC30079 (bottonm) in orbit 149, located in Mare
Fecunditatis near l|atitudes and longitudes of (0°, 50° E) and (1° N, 51.5° E)

respectively. In image LUC30017 the surge is the bright spot in the nmddle |eft
side of the inmage (above the bright inpact crater); in image LUC 30079 it is in

the upper nid-left area of the picture

Figure 2. A scan of the opposition surge extracted fromthe inmage in Figure 1

(a). For conparison, the opposition phase curves of Oberon and Europa are shown.

Figure 3. Averaged opposition phase curves of the Mon in 3 Clementine filters
representing the wavel ength range of the UV/Vis canera (for clarity the other two

filters are not included).

Figure 4. Averaged opposition phase curves of the lunar maria (triangles) and
hi ghl ands (filled squares). The ratio of highlands/maria (filled circles) shows
that the highlands exhibit a surge about 10% hi gher than that of the maria in the
| ast degree.

Figure 5. The integral phase curve of the Mon at three wavel engths. The snall
phase angles (< 5°) were derived from Clementine data, while the |arger phase

angles were adopted and renormalized from Lane and Irvine (1973).

Figure 6, Fit of a two layer shadow hiding nodel to Clementine data at snal
sol ar phase angl es. Shown are fits for various values of Hapke's (1986)
opposition surge wi dth paraneter, h, “1"he porosity, P, is related to h by

h = -3/8 (in(P)). The standard nodel requires |ow values of h (corresponding to
P~90%) while the two-layer nodel allows higher val ues of h. We have accounted
for the finite size of the sun as seen fromthe Moon in the model. In these
models , the single scattering albedo (w) = 0.245 for both layers, and the ratio
of the particle sizes in the two layers is (corresponding from|owest to highest
value of h): 0.63, 0.29, 0.19, 0.14.
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Figure 7. Laboratory neasurenments of the phase function of 400 pxm gl ass beads.
The experinment was done on a goniometer described in Buratti et al. (1988).
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